Extracellular polymeric substances (EPS) secreted by bacteria have a key role in adhesion and aggregation of bacterial cells on solid surfaces. In the present study, atomic force microscopy (AFM) has been used to study the adhesion propensity of bacterial strain St. guttiformis, and the ultrastructure and distribution of the EPS materials, on hydrophobic poly(tert-butylmethacrylate) (PtBMA) and hydrophilic polystyrene maleic acid (PSMA) surfaces. The results showed that bacterial attachment to the PSMA surface over incubation periods of 24-72 h was insignificant, whereas there was a strong propensity for the bacterial cells to attach to the PtBMA surface, forming multi-layered biofilms. For the PSMA surface, planktonic EPS adsorbed onto the polymeric surface and formed a continuous surface layer. For the PtBMA surface, non-contact mode imaging revealed that capsular EPS on the cell surface exhibited granular structures with the lateral dimensions of 30-50 nm and the vertical roughness of 7-10 nm. Lateral force imaging showed inter-connected elongated features which had lower frictional property compared to the surrounding EPS matrix, suggesting possible segregation of hydrophobic fractions of the EPS materials. The planktonic EPS adsorbed onto the PtBMA surface also showed similar nanometer-scale granular structures and could form stacks up to 150 nm in height. However, lateral force imaging did not show frictional differences, as in the case of capsular EPS. This is attributed to possible differences in the composition of the two EPS materials, and/or greater deformation of the planktonic EPS in the contact imaging mode which may obscure the fine surface features.
INTRODUCTION
Attachment of bacteria to solid surfaces is critical in the formation of biofilm, a phenomenon commonly encountered in various natural environments, industrial processes, clinical situations, and has attracted extensive research for many decades 1, 2 . The presence of biofilm can lead to a wide range of detrimental consequences including deterioration of materials, resistance to anti-microbial compounds, harbouring and facilitating transfer of pathogenic microorganisms and pollutants. Conversely, it can be utilized for various beneficial purposes such as bioremediation, wastewater treatment. The initial interaction between the bacterial cell and the solid surface has been described by classical physico-chemical theories including van der Waals, electrostatic forces and hydrophobic interactions 3, 4 . It has also been known that extracellular polymeric substance (EPS), consisting of a mixture of proteins, polysaccharides, nucleic acids and lipids, secreted by the bacteria play a critical role in promoting or inhibiting the cell -solid surface adhesion by means of steric interactions [5] [6] [7] [8] .
The EPS material often encapsulates the cell or is released into the liquid phase as planktonic EPS. Knowledge of the surface structure and chemistry of the EPS is important to understand the adhesion and aggregation of bacterial cells. Whilst electron microscopy has been used to observe the EPS [9] [10] [11] , this technique requires maintaining the sample under high vacuum, which leads to sample distortion, and complicated sample preparation. Other microscopic techniques such as light microscopy, confocal laser scanning microscopy have also been used 12 , but these methods do not have the image resolution required for detailed observation of the EPS. The surface chemistry of the EPS material has also been characterized using X-ray photoelectron spectroscopy [13] [14] [15] . However, apart from the high vacuum requirement, this technique is a broad-beam method and cannot provide chemical information at high resolution.
The advent of atomic force microscopy (AFM), a member of the scanning probe microscope family, has provided a powerful technique to probe surface structure and properties at the nanometer resolution and under both dry and hydrated environments [16] [17] [18] . Numerous studies have utilized this technique to investigate the surface structure and properties of microbial surfaces. The application of AFM in this area has recently been reviewed by Dufrêne 19 . In these studies, various AFM topographical imaging modes (contact, non-contact and tapping) and "force-distance curve" measurements have been used to visualize the surface structure and surface forces / physical properties, respectively, of the EPS. The AFM allowed direct visualization and provided chemical information of the hydrated EPS to a resolution not obtained by any other microscopic method. However, optimal operation to achieve the nanometer-scale resolution was limited by a number of factors including the high sample softness, fluctuation of solvation forces, attachment of suspended particulates / cells to the AFM tip, inadequate anchoring of the cells to the solid surface.
In the present study, various operating modes of AFM including the friction force mode were used to investigate the surface ultrastructure and distribution of the EPS released by bacteria during attachment to polymeric surfaces. To this end, we used the strain St. guttiformis of the recently proposed genus Staleya 20 . These bacteria are Gramnegative, aerobic, readily cultivated marine heterotrophs, and might play an important role in organic sulfur cycle process. The polymeric substrates used in the study had different levels of surface hydrophobicity, which may have a key role in bacterial cell adhesion and biofilm formation.
MATERIALS AND METHOD
2.1. Polymeric surface preparation. Poly(tert-butylmethacrylate) (PtBMA) and polystyrene maleic acid (PSMA) were used as polymeric surfaces. Materials and method to prepare PtBMA surfaces were similar to those reported previously 21 . PSMA (MW~ 225,000), purchased from Aldrich, was dissolved in tetrahydrofurane (TTF) (99.9%). PSMA films were prepared on 30 x 50 mm glass substrates (#1 glass cover slips) that were sonicated in Pr i OH for 30 min, washed with copious amounts of filtered (0.2 µm) Nanopure water (18.2 M cm -1 ), and dried under a stream of high purity nitrogen. Glass cover slips were covered with Hexamethyldisilasane (HMDS) as the primer. The polymeric films were spin-coated on primed glass substrates using THF solution with concentrations between 2-5 mg/ml. The primer was spun at 1000 rpm and polymers at 3000 rpm, with a ramp acceleration of 1000 rpm using a Specialty Coating Systems spin coater (Model P6708). Finally, polymeric slides were baked for 60 minutes at 95 0 C.
Bacterial growth and sample preparation. Staleya guttiformis DSM 11458
T was a generous gift from Dr. P.
Hirsch. These bacteria were routinely cultured on marine agar 2216 and PYGV agar plates 22 and stored at -80°C in marine broth (Difco) supplemented with 20% (v/v) of glycerol. The polymer-lined wells (in duplicate) were inoculated with a bacterial suspension (2 ml), the cell density was adjusted to OD 650 0.3 ± 05 in marine broth 2216, and incubated at 28°C for 24-72 hours. After incubation, the polymeric films were washed three times with sterilized nanopure H 2 O (18.2 MΩcm -1 ) and dried without additional fixation to prevent the deformation of the bacterial cells.
Contact angle measurements.
Advancing contact angles were measured on sessile drops (2 µl) of Nanopure water at room temperature (20-23 ºC) in air using a contact angle meter constructed from an XY stage fitted with a (20 µl) micro syringe, a 20x magnification microscope (ISCO-OPTIC, Germany) and a fiber-optic illuminator. The images were captured using a digital camera (AIPTEK, Inc.), and analyzed using PaintShop Pro (Jasc Software). Observed values were averaged over six different readings.
2.5
Surface sharacterization by AFM. AFM characterization was carried out on a TopoMetrix Explorer (Model No. 4400-11) in both the non-contact and normal contact modes using 2µm and 100µm scanners. The analyses were carried out under air-ambient conditions (temperature of 23°C and 45% relative humidity). Pyramidal silicon nitride tips attached to cantilevers with a spring constant of 0.032 N/m were used in the contact mode, whereas silicon tips and cantilevers with a spring constant of 42 N/m and resonant frequency of 320 KHz were used in the non-contact mode. Scanning direction was perpendicular to the axis of the cantilever and the scanning rate was typically 4 Hz. As the tip is scanned across the surface in the contact mode, the lateral force acting on the tip manifests itself through a torsional deformation of the lever, which is sensed by the difference signal on the Left-Right signal on the quadrant detector. In the present study, lateral force imaging was also carried out simultaneously with contact-mode topographical imaging in both forward and reverse scan directions.
RESULTS AND DISCUSSION
The PtBMA surface was hydrophobic with a measured water contact angle of 91 0 and the PSMA was hydrophilic with a much smaller contact angle of 50 0 . The results obtained in the present study showed a distinct difference in the adhesion capability of St. guttiformis cells on these polymeric surfaces. In the case of PSMA, AFM imaging showed that bacterial attachment following incubation periods of 24-72 h was insignificant. However, the polymeric surface contained adsorbed materials, which increased in their surface density with incubation time and formed a more or less continuous surface layer after 72 h incubation, as shown in Figure 1a . These materials are presumably constituents of planktonic EPS, released by the bacteria into the liquid phase and adsorbed onto the polymeric surface. In contrast, Figure 1b shows that there was a strong propensity for St. guttiformis cells to attach to the PtBMA surface, forming multi-layered biofilms after 24 h incubation. The hydrophilicity of the substrate surface is known to be an important factor affecting bacterial adhesion, partly because it dictates the composition of adsorbed materials which may promote or inhibit bacterial attachment 8, 13, 14 . The results obtained in the present study suggest that the hydrophilic character of PSMA surface and the components of (presumably) adsorbed planktonic EPS did not induce favorable conditions for attachment of St. guttiformis cells. High-resolution topographical and lateral force imaging revealed further insights into the structure and distribution of materials within the EPS. Figure 2 shows a topographical image, and corresponding lateral force images taken in both forward and reverse directions, of bacterial cells attached to the PtBMA surface. These images indicate the presence of EPS materials apparently encapsulating the entire cell, spreading to the surrounding substrate surface and forming a cell-cell bridge. The thickness of the EPS layer, as measured against the substrate surface, was 2-3 nm. The lateral force images show elongated features, which are frequently inter-connected, in the EPS matrix. The contrast of these features is inversed upon reversal of scan direction, suggesting that the contrast observed is primarily due to friction, rather than topography [23] [24] [25] [26] . The analyses were carried out in air. Accordingly, one would expect a thicker layer of adsorbed moisture on the more hydrophilic surface regions in comparison with more hydrophobic regions. Moisture will cause additional increase in friction through a stronger meniscus force between the tip and the sample surface. Frictional force microscopy has been used under air-ambient conditions to discriminate hydrophobic and hydrophilic surface regions, with the latter having higher frictional force 27, 28 . The darker contrast obtained for the elongated features in the forward direction suggest that they are more hydrophobic than the surrounding EPS matrix. These hydrophobic features suggest possible segregation of the EPS materials. It has been suggested that the EPS materials contain both hydrophilic and hydrophobic fractions, and that hydrophobic interactions may play a major role in the organization and cohesion of bacterial aggregates 29 .
In AFM contact mode, the lateral and normal forces exerted on the sample surface by the tip may give rise to deformation, especially for soft surface features. Imaging in the non-contact mode does not have this limitation and provides structural information of the capsular EPS at even higher resolution. Figure 3 shows high-resolution images of a St. guttiformis cell obtained in the non-contact mode. It can be seen that the EPS on the cell surface exhibits granular structures with the lateral dimensions of 30-50 nm and the vertical roughness of 7-10 nm. These features bear close resemblance to the structure of the inner polysaccharide spore walls of spores of Aspergillus oryzae 30 . They are also similar to the structure of the inherent lipopolysaccharide assembly on the surface of Gram-negative Escherichia coli, which were imaged by AFM and are the highest resolution images of any bacterium to date 31 . Apparently, the coverage by the EPS materials did not alter the characteristic granular appearance of Gram-negative bacteria surface. It is possible that the boundaries surrounding these granular features correspond to the hydrophobic elongated features observed in the lateral force images in Figure 2 . In addition to capsular EPS, the results also showed the presence of components of (presumably) planktonic EPS adsorbed on the PtBMA substrate and often without association with bacterial cells. As shown in the non-contact mode images in Figure 4 , these materials are of various size and shape and often adhere to each other to form larger aggregates. They consist of granular structures with lateral dimensions of 30-50 nm, apparently bound together to form stacks which can be up to 150 nm in height. The appearance and dimensions of these structures are similar to those observed for the capsular EPS shown in Figure 3 . Contact mode topographical and lateral force imaging was also used to image the adsorbed planktonic EPS. Typical images are shown in Figure 5 . The nanometer scale granular structures as seen in the non-contact mode are not observed in the contact mode, indicating that they were very soft material and that both the lateral and normal forces at the tip -sample surface caused considerable surface deformation. As well, there is no significant variation in the lateral force contrast that can be attributed to frictional differences on the EPS surface. The lateral force contrast at the boundaries of the EPS aggregates is likely due to a) b) topographical effects. This is in contrast to the capsular EPS that exhibited elongated features having lower friction than the surrounding EPS matrix as discussed previously. It has been shown that the composition of EPS secreted into the bulk phase is different from that synthesised within biofilm 32, 33 . Whether the absence of frictional contrast in the planktonic EPS is due to possible differences in the composition of the two EPS materials, and/or due to greater deformation of the planktonic EPS in the contact imaging mode which may obscure the fine surface features require further investigation.
CONCLUSIONS
AFM has been used to investigate the propensity of bacterial strain St. guttiformis to attach to PSMA and PtBMA surfaces, and the surface ultrastructure and distribution of EPS materials released by the bacteria. It has been shown that bacterial attachment to the PSMA surface following incubation periods of 24-72 h was insignificant, whereas there was a strong propensity for the bacterial cells to attach to the PtBMA surface, forming multi-layered biofilms after 24 h incubation. In the case of PSMA surface, the results suggest that constituents of planktonic EPS adsorbed onto the polymeric surface and formed a continuous surface layer after 72 h incubation. Both the hydrophilic character of PSMA surface and the adsorbed planktonic EPS did not induce favorable conditions for attachment of St. guttiformis cells. In the case of PtBMA surface, non-contact mode AFM imaging revealed that capsular EPS on the cell surface exhibits granular structures with the lateral dimensions of 30-50 nm and the vertical roughness of 7-10 nm. Lateral force imaging showed frequently inter-connected elongated features which have lower frictional property compared to the surrounding EPS matrix, suggesting possible segregation of hydrophobic fractions of the EPS materials. The granular surface structures similar to those on the capsular EPS were also observed on the planktonic EPS adsorbed onto the PtBMA surface. These nanoscale structures are apparently bound together and can form stacks up to 150 nm in height. However, lateral force microscopy did not show the low friction elongated features as observed for the capsular EPS. This is attributed to possible differences in the composition of the two EPS materials, or greater deformation of the planktonic EPS in the contact imaging mode that may obscure the fine surface features.
The observed differences in the structure and distribution of the EPS materials on the hydrophilic PSMA and hydrophobic PtBMA surfaces highlight the importance of the substrate surface properties in regulating the composition of adsorbed EPS, which in turn has a key role in bacterial cell adhesion and biofilm formation. The data presented in this study also illustrate the capability of AFM to image the structure of EPS materials to the nanometerscale resolution, and in some instances, to provide important information on the distribution of various constituents of the EPS matrix.
